ABSTRACT: Oxalate decarboxylase (OxDC) catalyzes the Mn-dependent conversion of the oxalate monoanion into CO2 and formate. Many questions remain about the catalytic mechanism of OxDC although it has been proposed that reaction proceeds via substrate-based radical intermediates. Using coupled cluster theory combined with implicit solvation models we have examined the effects of radical formation on the structure and reactivity of oxalic acid-derived radicals in aqueous solution. Our results show that the calculated solution-phase free-energy barrier for C-C bond cleavage to form CO2 is decreased from 34.2 kcal/mol for oxalic acid to only 9.3 kcal/mol and a maximum of 3.5 kcal/mol for the cationic and neutral oxalic acid-derived radicals, respectively. These studies also show that the C-C σ bonding orbital of the radical cation contains only a single electron, giving rise to an elongated C-C bond distance of 1.7Å; a similar lengthening of the C-C bond is not observed for the neutral radical.
INTRODUCTION
Oxalate decarboxylase (OxDC) is an enzyme found in fungi and some bacteria. 1 The physiological function of OxDC remains ill-defined, although it has been reported that the gene encoding OxDC in Bacillus subtilis is involved in the process of sporulation. 2 This enzyme is of considerable mechanistic interest because it catalyzes the conversion of oxalate into CO2 and formate by cleaving the C-C bond between two adjacent sp 2 -hybridized carbon atoms. 3 Recent kinetic studies have shown that OxDC decreases the C-C bond cleavage barrier to approximately 13 kcal/mol under steady-state conditions 3a from an estimated value of 33 kcal/mol for the uncatalyzed reaction.
metal center is to generate a Mn-bound oxalate radical in a step prior to decarboxylation. 3a Efforts to validate these proposals using either QM/MM simulations 6 or quantum mechanical (QM) calculations on active site models 7 are precluded by the current absence of experimental information on a number of aspects, including Mn oxidation and spin state in the active form of the enzyme, the role of dioxygen during catalytic turnover, and the mode by which oxalate coordinates the metal center. On the other hand, spin trapping studies have supported the formation of a formyl radical anion during turnover, 3d which is consistent with the idea that decarboxylation takes place from an oxalate-derived radical. In an effort to explore the energetic consequences for C-C bond cleavage in such a radical, we have performed the first set of high-level QM calculations that explore the effects of radical formation on the structure and reactivity of oxalic acid in aqueous solution. Our studies clearly show that removing an electron from oxalic acid, with or without concomitant deprotonation, does indeed substantially decrease the barrier to decarboxylation. In addition, we have uncovered unexpected structural differences between the neutral and cationic radicals derived from oxalic acid, which can be attributed to the presence of a one-electron C-C bond in the radical cation. Not only do these QM calculations provide the first insights into the electronic structure of oxalic acidderived radicals but they also provide additional quantitative evidence for the hypothesis that catalysis in OxDC proceeds via decarboxylation of a substrate-derived radical.
RESULTS AND DISCUSSION
QM calculations were performed to model the energetics of C-C bond cleavage in oxalic acid 1, the neutral radical 7, and the radical cation 10 ( Figure 1 ). We note that radical 7 corresponds to the hypothetical species in the OxDCcatalyzed reaction that would be generated by proton-coupled electron transfer, whereas 10 serves as a model for C-C bond cleavage in the substrate if electron transfer were to take place without concomitant removal of a proton.
Oxalic acid 1 was initially chosen as a reference system in order to (i) validate our computational strategy and (ii) elucidate changes in bonding and energetics resulting from removal of an electron. Effects of Radical Formation on the Energetics of Decarboxylation. We investigated the energetics of possible mechanisms for the uncatalyzed decarboxylation of model compounds 1, 7, and 10 with the goal of obtaining a quantitative understanding of how the activation energy for C-C bond cleavage might be reduced in the radical species derived from neutral oxalic acid 1. Although the gas-phase decomposition of neutral oxalic acid has been studied experimentally and computationally prior to our work, 17 the calculations reported herein provide aqueous free energies rather than the gas phase internal energies computed in previous reports. These authors did not examine the properties of oxalic acid-derived radicals. We performed calculations for all rotameric forms of the three model compounds but discuss only the results for the most stable rotamer of each structure here for simplicity ( Figure 1 ). The barriers computed for alternate rotamers of 1 and 10, which are generally only 1-2 kcal/mol higher in energy than those discussed below, are only marginally different and do not change the conclusion of this study (see Figure S1 in Supporting Information).
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The experimental value 4 for the uncatalyzed conversion of oxalic acid 1 to formate and CO2 was used to validate our computational strategy. Thus, solution-phase free energy barriers for initial proton transfer and subsequent C-C bond cleavage of 1 were computed to be 17.7 kcal/mol and 19.8 kcal/mol, respectively, giving a total barrier of 34.2 kcal/mol for the reaction (Figure 1 ). This calculated value is in reasonable agreement with the experimental estimate of 33 kcal/mol. 4 The inclusion of solvation and thermal effects was essential in reproducing experimental measurements because the barrier for this decarboxylation in the gas-phase was calculated to be only ~ 25 kcal/mol. We note that exhaustive efforts to locate a transition state for C-C bond cleavage in 1 for a pathway involving concerted proton transfer and decarboxylation failed; the final structure always corresponded to a stationary point with two imaginary harmonic vibrational modes (each corresponding to one of the sequential steps).
Given that it has been proposed that OxDC binds the substrate as the monoanion, 3a we also investigated the barrier for decarboxylation from this species and determined it to be approximately 50 kcal/mol (see Supporting Information).
We next examined the barrier to C-C bond cleavage in the neutral radical 7, which has been proposed to be an intermediate in the OxDC-catalyzed reaction. 3a This required, however, minor modifications to our standard computational protocol because M06/SMD density functional calculations predicted this radical to be an unambiguous van der Waals complex with a C-C distance of 2.2Å and an electronic dissociation barrier of less than 1 kcal/mol.
We note that the neutral radical 7 only exists as a stationary state in the gas phase (1.54 Å C-C bond length) in CCSD calculations using smaller basis sets such as cc-pVDZ. In contrast, calculations using M06-2X, 7 CAM-B3LYP, 19 and M11, 20 density functionals all gave solution-phase structures for 7 containing a standard covalent C-C bond. We therefore used the geometry of 7 obtained by M06-2X/SMD optimization in subsequent calculations. This choice allowed us to obtain a maximal upper bound of the decarboxylation barrier. Decarboxylation from the van der Waals complex would presumably give an even lower barrier. After obtaining the transition state 8 for decarboxylation, the suggestion that OxDC catalyzes C-C bond cleavage by generating radical intermediates was supported by a reduction in the calculated free energy barrier from 34.2 kcal/mol to 3.5 kcal/mol (Figure 1 ).
This barrier for the decarboxylation of the neutral radical 7, which likely represents an upper-bound estimate, is consistent with the failure of efforts to observe the putative, enzyme-bound, neutral doublet of oxalate using EPR methods. 21 Similar reductions in activation energy barriers for C-C bond cleavage have been reported for carboxyloxy radicals, 22 including those formed during the Kolbe reaction. 23 Lastly, we determined the barrier for decarboxylation of the radical cation 10 ( Figure 1) . In searching for a twostep decomposition mechanism, however, we observed that 10 forms CO2 via a concerted (simultaneous proton transfer and C-C bond cleavage) rather than a sequential (proton transfer then carbon-carbon cleavage) mechanism.
The calculated activation free energy for C-C bond cleavage in the radical cation 10 (9.3 kcal/mol) was again found to be markedly lower than that computed for oxalic acid 1. In this case, care had to be taken to ensure proper convergence of the reference wavefunction for transition state 11, which exhibited wave function instabilities. The higher barrier to decarboxylation for radical cation 10 relative to that computed for the neutral radical 7 likely arises from two factors. First, two bonds have to be broken in the decarboxylation transition state 11 compared to only one in 8 (Figure 1 ). In addition, formation of transition state 11 from the radical cation reduces the dipole moment of the system, which has the effect of reducing the energetic contribution of the solvation potential to lowering the free energy barrier.
Structural Studies of Radicals Derived from Oxalic Acid. In seeking to understand how the electronic structure of the radicals 7 and 10 might differentially lower the barrier to decarboxylation, we observed that the C-C bond length in the optimized solution-phase geometries of compounds 1 and 7 was essentially unchanged from the typical value (1.54 Å) whereas the C-C bond in the radical cation 10 was lengthened by 0.22 (Figure 2 ). Visualization of the SOMO of 10, using the Gaussview software package, 24 indeed indicated that the unpaired electron in this radical cation was associated with the C-C σ-bond and contributions from oxygen-based px and py orbitals ( Figure 3 ). In contrast, the neutral radical exhibited a π-type SOMO (See Figure S2 in Supporting Information). To ensure that this observation was not merely an artifact associated with using a Kohn-Sham DFT (KS-DFT) description together with a continuum solvation potential, we computed CCSD(T)/cc-pVTZ structures for 1 and 10 in the gas-phase; such geometries are known to be accurate to within 0.01 Å for single-reference molecules. 25 The C-C bond in 10 was again lengthened (0.22 Å) relative to that in oxalic acid 1 (Figure 2 ). The electron density is contoured at 0.06 a.u., as computed using UHF/cc-pVTZ from the reduced 1-electron density matrix for the radical at the SMD/M06/cc-pVTZ optimized geometry.
The calculated spin-density difference for the ground state of radical cation 10 showed that α-electron density accumulates along the C-C bond and on two oxygen atoms ( Figure 4 and Figure S4 in Supporting Information). We also calculated the ionization energies of oxalic acid 1 using ionization potential equation of motion coupled cluster singles and doubles (IP-EOM-CCSD). 13a IP-EOM-CCSD calculates ionization energies using coupled cluster theory, thereby giving the energetic ordering of the molecular orbitals but with correlation, unlike any ab initio SCF formalism. The calculated IP-EOM-CCSD/cc-pVTZ spectrum for oxalic acid 1 was in excellent agreement with experimental photoelectron spectra 26 (see Table S1 in Supporting Information); the lowest energy IP is associated with a HOMO orbital of the ag irreducible representation in C2h. Early work suggested that this ionization corresponds to removing a non-bonding electron from 1, which presumably is on oxygen. 26 Taken at face value, this could imply an orbital interchange as the C-C bond lengthens. However, after performing IP-EOM-CCSD calculations at longer C-C bond lengths (from 1.53 Å to 1.75 Å; see Table S2 in Supporting Information) the order of the ionization potentials remained the same. The bond lengthening does, however, reduce the HOMO ionization potential by 13.6 kcal/mol, which would make it easier to ionize oxalic acid. Visual inspection of the HOMO of oxalic acid 1 (Fig. 5 ) and the SOMO of the radical cation 10 (Fig. 3) , at their equilibrium geometries, shows them to be quite similar. Figure 5 : HOMO of oxalic acid 1. The electron density is contoured at 0.06 a.u., as computed using UHF/cc-pVTZ from the reduced 1-electron density matrix for the radical at the SMD/M06/cc-pVTZ optimized geometry.
A similar C-C bond lengthening has been calculated for the acetyloxy radical, but this was explained on the basis of orbital phases resulting in nodes.
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Single-Electron Bonding and C-C Bond Breaking in Radical Cation 10
In an alternate approach to generate a physical picture of the structural differences observed for the neutral and cationic radicals, we computed the C-C bond orders for 1 (0.88), 7 (0.82) and 10 (0.60). 28 A simple model might be proposed in which there is a "singleelectron" C-C σ bond in the radical cation 10; consistent with previous literature on odd-electron bonding. 29 The gas-phase bond dissociation energy of a 1 or 3 electron σ bond can be described semi-quantitatively by the expression:
where D refers to the bond dissociation energy, A and B are the two fragments of the molecule connected by the 1 (or 3) electron bond, |∆ | refers to the difference in ionization potentials of fragments A and B, and λ is an empirical parameter. The bond dissociation energy will therefore be greatest when |∆ | is zero, i.e. when A and B are identical fragments. Equally, the exponential dependence of D on |∆ | means that the barrier to dissociation will be decreased as the difference in ionization potentials of fragments A and B is increased. 29c Resonance stabilization of neutral radical 7 requires contributions from ionized resonance structures [ ⨀ ↔ + ⨀ − ], which are unimportant compared to that of the uncharged resonance structure. This is not the case for the cation because all resonance structures carry a positive charge [ +⨀ ↔ +⨀ ] and therefore contribute substantially to the actual structure. As a result, the |∆ | for the fragments in the radical cation will be far lower than those of the corresponding neutral radical ∆ . Hence, qualitatively one would expect that the neutral radical 7 should not, and the radical cation 10 should, have a one-electron σ bond.
CONCLUSIONS
Significant gaps exist in our knowledge of the oxidation and spin states of the metal center during catalytic turnover and exactly how the substrate is coordinated to Mn. These issues preclude QM/MM calculations on the details of the catalytic mechanism, and so our accurate QM studies provide a firm base for future computational investigations into the chemistry that might be employed by OxDC. More specifically, our calculations support the view that the barrier to C-C bond cleavage in oxalic acid is significantly reduced when an electron is removed from the molecule, which is consistent with the idea that the role of the metal in OxDC is to facilitate the removal of an electron from the substrate prior to C-C bond breaking. The relatively low barriers computed for decarboxylation from either of the radical species (7 or 10) might also explain why it has proven so difficult to observe any radical intermediates prior to decarboxylation in the OxDC-catalyzed reaction.
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